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ABSTRACT 
 
Capacitive deionization (CDI) is an electrochemical desalination technology in which 
porous carbon electrodes are polarized to reversibly store ions from a brackish water feed in 
electrical double layers in the electrodes. CDI is an attractive alternative to commonly used 
brackish water desalination technologies like reverse osmosis and thermal distillation due to its 
low energy consumption and potential for energy recovery. Electrode morphology and 
characteristics impact the desalination performance of CDI. Few of the CDI performance metrics 
like equivalent circuit resistance and charge efficiency also greatly impact CDI operation and 
performance. Planar composite CDI electrodes exhibit poor energetic performance due the 
resistance associated with salt depletion and tortuous diffusion in the macroporous structure. In 
this work, we investigate the impact of bi-tortuosity on desalination performance by etching 
macroporous patterns along the length of activated carbon porous electrodes in a flow-by CDI 
architecture. Capacitive electrodes were also coated with thin asymmetrically charged 
polyelectrolytes to improve ion-selectivity while maintaining the bi-tortuous (BT) macroporous 
channels. Under constant current operation, the equivalent circuit resistance in CDI cells 
operating with bi-tortuous electrodes was approximately 2.2 times less than a control cell with 
unpatterned electrodes, leading to significant increases in working capacitance (20 – 22 to 27 – 
28 F g-1), round-trip efficiency (52 – 71 to 71 - 80%), charge efficiency (33 – 59 to 35 – 67%), 
which led to improvements in salt adsorption capacity, rate, and most importantly, the 
thermodynamic efficiency of salt separation (1.0 - 2.0 to 2.2 – 4.1 %). These findings demonstrate 
that the use of bi-tortuous electrodes is a novel approach of reducing impedance to ionic flux in 
CDI. In summary, the heightened performance of fb-CDI with coated BT electrodes elucidates 
that both ESR and 𝜂𝐶𝐸 are key indicators of energy efficiency desalination. 
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CHAPTER 1 
INTRODUCTION †† 
  
Clean and potable water is a basic human need and yet it is unavailable to one of seven 
people in this world (Seckler et al., 1999). It is expected that at least 4 billion people will experience 
water scarcity of at least one month of the year, and half a billion experiencing it year-round 
(Mekonnen and Hoekstra, 2016). Projected global population growth rate of about 1.12% will 
create the necessity of developing robust and sustainable sources of freshwater to meet the 
demands (Colby and Ortman, 2017; Steduto et al., 2017). Desalination of water is implemented 
across the world to produce freshwater from seawater or brackish water. The most implemented 
technologies for desalination are reverse osmosis and thermal desalination. Despite continuous 
technological advances in these technologies, there is a concern for high energy inputs and 
associated high costs for these systems (Elimelech and Phillip, 2011). There is a need for 
alternative desalination technologies. One such low energy alternative to these technologies is 
capacitive deionization.  
Capacitive deionization (CDI) is an electrochemical desalination technology in which 
porous carbon electrodes are polarized at a constant current or voltage to decrease the salinity 
of water by storing ions within electrical double layers (Anderson et al., 2010; E. Suss et al., 2015; 
Porada et al., 2013). Typically, feed water fows in between these electrodes and ions can be 
stored. By reversing the polarization, ions can be released back into the solution, producing brine.  
 
_________________________ 
†† published as Bhat, A.P., Reale, E.R., del Cerro, M., Smith, K.C., Cusick, R.D., 2019. Reducing impedance 
to ionic flux in capacitive deionization with Bi-tortuous activated carbon electrodes coated with 
asymmetrically charged polyelectrolytes. Water Research X 3, 100027. 
https://doi.org/10.1016/j.wroa.2019.100027  
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When discharged under constant current, regeneration of CDI salt removal capacity can 
be coupled to energy recovery (Długołęcki and van der Wal, 2013; Han et al., 2015; Tan et al., 
2018; Zhao et al., 2012).  
A typical cell architecture involves the flow of feed solution in the channel created by the 
separation of porous carbon electrodes, called flow-by or flow-between CDI (fb-CDI) (Bouhadana 
et al., 2010; E. Suss et al., 2012; Porada et al., 2013). The simplicity of this architecture could 
translate to low system costs and fouling potential, however, the charge efficiency (ratio of charge 
equivalent of salt adsorbed to the charge input (Zhao et al., 2010)) and adsorption capacity remain 
low due to co-ion transport and repulsion (cation repulsion at the positive electrodes and vice-
versa), as well as the residual brine in the flow channel and electrode macropores preceding the 
discharge stroke (E. Suss et al., 2015; Kim and Choi, 2010a; Li and Zou, 2011; Shang et al., 
2017).   
In fb-CDI cells, salt depletion occurs throughout the porous electrode structure leading to 
diffusional limitations, increased cell resistance during charging, and reverse flux of ions into the 
flow channel. This source of impedance negatively impacts salt removal rate and capacity as well 
as the energy available for recovery during discharge. Ion-exchange membranes can be used to 
create a selective charge barrier to block co-ion transport and localize depletion in the flow 
channel (Biesheuvel and van der Wal, 2010; Lee et al., 2006; Li et al., 2008), but membrane cost 
is potentially prohibitive (Biesheuvel and van der Wal, 2010). Alternatively, electrodes can be 
coated with charged polyelectrolytes or fabricated with charged binders to cover macropores with 
an ion-selective layer of low resistance to retain co-ions (Ahualli et al., 2017; M. Kim et al., 2019). 
While polyelectrolyte coating could serve as a cost-effective means to promote counter ion flux 
into and out of electric double layers, it remains unclear if selectivity enhancements observed 
under constant voltage charging would hold under constant current operation, in which charge 
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efficiency is limited by salt residue from preceding discharge strokes (Hawks et al., 2018; Shang 
et al., 2017).  
 In addition to establishing ion-selective layers, significant efforts have been made to 
expand the design landscape of CDI architecture.  One such architecture is the flow-through CDI 
(ft-CDI), which involves the flow of solution through the porous electrode parallel to the applied 
field. Ft-CDI requires the use of monolithic electrodes with multi-scale pores: relatively large 
macropores to enable advective flow through the electrodes and micropores to enable high salt 
sorption (E. Suss et al., 2015; Guyes et al., 2017). This electrode architecture enables a reduction 
in ion diffusion length due to advection, increasing the diffusion kinetics as compared to fb-CDI. 
A foundational study by on ft-CDI demonstrated a 4 to 10 times increase in the sorption rate as 
compared to fb-CDI, with a mean sorption rate of 1 mg g-1 min-1 (E. Suss et al., 2012). Laser 
perforation within the ft-electrode macrostructure has been shown to enhance the permeability 
due to an increase in macroporosity (E. Guyes et al., 2017). Ft-CDI, however could have higher 
faradaic reactions leading to anode oxidation (Remillard et al., 2018), and flowing through the 
electrode could incur elevated pumping energy requirements due to head loss in the electrodes. 
There have been studies on the effect of the composite electrode design on CDI cell 
performance. Previous studies have demonstrated that a decrease in electrode thickness 
increases the rate of sorption, and that thicker electrodes had higher desalination times without 
affecting the energy consumed per mol of salt adsorbed (Dykstra et al., 2016; Kim and Yoon, 
2015). Etching patterns in the electrode macrostructure has been shown to enhance the energy 
storage performance of capacitive and insertion electrodes by increasing effective ionic 
conductivity and creating a bi-tortuous (BT) electrolyte diffusion pathway (Bae et al., 2013; Cobb 
and Blanco, 2014; Cobb and Solberg, 2017; Nemani et al., 2015; Reale and Smith, 2018; Reale 
and Smith, 2018). BT electrodes have not been studied yet for their desalination performance. 
Reduction in tortuosity by introducing macropores could significantly reduce the resistance and 
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increase the capacitance of the cell, thereby enhancing cell performance. Utilizing BT electrodes 
in CDI could also improve the thermodynamic efficiency by improving energy recovery and 
reducing the impacts of salt residue on charge efficiency. In the present work, the performance of 
bi-tortuous electrodes in an fb-CDI cell is tested in constant current operation and is compared to 
that of conventional, unpatterned electrodes. Asymmetrically charged polyelectrolytes were 
adsorbed onto the electrode films to provide charge selectivity and to maintain the patterned 
macroporous electrode structure. The objective of this study is to demonstrate the effect of bi-
tortuosity on various CDI cell performance metrics at various current densities and cut-off 
voltages.  
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Freshwater Scarcity 
One of the most important resource for living organisms to survive on earth is water. About 
94% of the total water on earth is as seawater and the remaining 6% is freshwater or groundwater. 
About 72% of the total freshwater is found underground and remaining as glaciers (Alghoul et al., 
2009). One of the ways to characterize water is based on its salinity level or total dissolved solids 
(TDS). Seawater has a TDS of 35,000 mg L-1 or more, brackish water, or medium salinity water 
has a TDS of 1000-15000 mg L-1, and freshwater has a salinity of less than 500 mg L-1 (El-
Manharawy and Hafez, 2001). Clean potable water is a basic human right and yet is unavailable 
to at least one out of seven people in the world (Porada et al., 2013). It is expected that by 2025, 
approximately 3.5 to 4 billion people will live under water stressed conditions (Bajpayee et al., 
2011; Mehanna et al., 2010). Hence, there is a large interest in developing desalination 
technologies for producing freshwater from seawater or brackish water. Since there is a 
considerable amount of brackish water resources in the world, it would be attractive to utilize and 
desalinate brackish water for human consumption and use.  
Over the years, several seawater and brackish water desalination technologies have been 
studied including thermal desalination or distillation, reverse osmosis and electrodialysis being 
the most common technologies. The goal of these desalination technologies is to be energy and 
cost efficient. Capacitive deionization is also one such desalination technology for water with low 
to moderate salt content (typically brackish water). Capacitive deionization is a promising 
desalination technology for water with salinity content less than 10 mg L-1 due to its low energy 
consumption and potential for energy recovery. 
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2.2 Desalination technologies 
There is continuous technological advancement and research on desalination 
technologies for seawater and brackish water desalination. The most commonly used 
technologies are thermal desalination: multiple-effect distillation (MED) and multiple-stage flash 
(MSF), and reverse osmosis (RO). The plant capacities can reach from 5000 to 15000 m3 d-1 for 
MED, 50000 to 70000 m3 d-1 for MSF, up to 128000 for Seawater RO, and up to 100000 for 
brackish water RO (Al-Karaghouli and Kazmerski, 2013). High quality product water with under 
10 ppm salts is achievable in thermal desalination technologies and under 300-500 ppm is 
achievable in RO technologies. Other desalination technologies include electrochemical 
techniques like electrodialysis (ED), Reverse electrodialysis (RED), and capacitive deionization 
(CDI).  A brief overview of technologies is provided below.  
2.2.1 Thermal desalination 
Thermal desalination technologies are the oldest of the desalination technologies and 
involve evaporation of feed water followed by condensation to produce fresh water. About 50% 
of world’s total desalination production is achieved through this technique in the Middle eastern 
gulf (Semiat, 2008). Two common thermal desalination technologies are multi-stage flash (MSF) 
and multiple-effect distillation (MED). In the MSF process, seawater is evaporated by a reduction 
of pressure. It involves various stages with different pressures and temperatures. (Borsani and 
Rebagliati, 2005; Khawaji et al., 2008). Feed water get progressively warmer after each stage 
until it reaches the final stage. After passing through these stages, water is heated up to a 
maximum temperature of 120 °C. Upon final heating, the water enters a vessel where the pressure 
is reduced, i.e. water is thermally saturated which causes a ‘flash’ or partial evaporation of water 
from the brine. As the brine loses thermal energy due to flashing, subsequent stages have lower 
pressures allowing for the flashing to occur continuously at lower temperatures. The condensate 
and brine are collected separately. Heat lost at the discharge in the final stage can be added to 
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the feed for additional heating. Multiple-effect distillation (MED) is similar to MSF in that the heat 
from evaporation is recycled. Multiple stages or ‘effects’ are used for subsequent evaporation. 
Feed is heated to its boiling point and then flows through the evaporator tubes heated in a heat 
exchanger by steam. The evaporated feed water is collected as condensate in the next effect’s 
tubes, providing the heat required for the following effect. Continued evaporation is possible in 
subsequent effects in MED. Both MSF and MED are highly energy intensive operations. The total 
electricity consumption in kWh m-3 range from about 20 - 28 for MSF plant and 15 – 22 for MED 
plants (Al-Karaghouli and Kazmerski, 2013). High product quality is achievable in thermal 
distillation units (about 10 ppm TDS) 
2.2.2 Reverse Osmosis 
Reverse Osmosis (RO) employs high pressures to pass the feed solution through a semi-
permeable membrane, leaving the ions behind i.e. passage of water from a higher concentration 
side to the lower concentration side. Reverse osmosis is distinctly dived into two types: sea water 
RO (SWRO) and brackish water RO (BWRO). These two differ based on the feed salinity, pre-
treatment needed, applied pressures, and water recovery (Alghoul et al., 2009; Almulla et al., 
2003; Greenlee et al., 2009). Significant improvements have been made in RO units with the 
continuous research in membrane design optimization (Lee et al., 2011), possibility of utilizing 
energy recovery devices (Gude, 2011; Stover, 2007). Reverse osmosis is capable of obtaining 
high rates, capacities, removal efficiencies, thermodynamic efficiencies (Kang and Cao, 2012; 
Lee et al., 2011; Liu et al., 2011). This technology is the most widely used desalination technology 
in the world today with energy consumption values in KWh m-3 ranging from 4 – 6 for SWRO and 
1.5 – 2.5 for BWRO (Al-Karaghouli and Kazmerski, 2013). The drawbacks include membrane 
fouling, prohibitive membrane costs, pumping requirements and high-quality pre-treatment to 
avoid membrane fouling. 
2.2.3 Electrodialysis 
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Electrodialysis (ED) is based on the separation of ions through a charged ion-exchange 
membrane from one solution to another under the influence of an externally applied electric field. 
This process has been widely used for the production of drinking water from brackish water 
sources (Sadrzadeh and Mohammadi, 2008). A series of oppositely charged membranes are 
alternatively placed between two electrodes. Ions move towards the electrodes and are retained 
by the membranes producing a subsequent decrease in effluent salt concentration (Lee et al., 
2002). Energy consumption can range from 2.7 to 5.5 KWh m-3 for high salinity feeds and under 
2.5 KWh m-3 for low TDS feeds (Al-Karaghouli and Kazmerski, 2013). Drawbacks of ED include 
uncharged species being retained in the effluent and high energy consumption for high salinity 
feeds (Fritzmann et al., 2007).  
2.2.4 Capacitive Deionization 
A promising alternative technique for brackish water desalination is capacitive deionization 
(CDI) or membrane capacitive deionization (MCDI). Capacitive deionization involves a system 
typically with two porous carbon electrodes and a saline solution flowing between or through them. 
CDI involves polarization of these electrodes and subsequent adsorption of ions from the feed 
solution into the electrical double layers in the carbon thereby decreasing the salinity of the 
effluent. This is called the charging stage or the desalination stage. Further, the polarization of 
the two electrodes is reversed (or electrodes are shorted) to release the stored ions into the feed 
solution and subsequently producing a brine. This is called the discharge stage or the brine 
generation stage. A CDI cell operation typically occurs as a series of charge-discharge cycles, 
producing desalinated water and brine alternatively (Figure 1). The requirement of lower 
pressures and energy inputs reduce the cost of CDI as compared to the operational cost of 
conventional desalination technologies. 
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Figure 1. Charge-Discharge cycle for a standard Membrane CDI (MCDI) operation (A) Charging 
/ desalination step (B) Discharging / brine generation step 
 
2.3 CDI cell operation 
CDI cell is usually operated under a constant voltage (CV) or a constant current (CC). CV 
operation is the most commonly used standard operation, where the applied potential difference 
is held constant throughout the duration of the charging step that occurs for fixed amount of time 
that can be user-defined. This applied potential causes an immediate sharp jump in the current 
and ions are rapidly adsorbed onto the electrode, followed by an exponential decay when the 
electrode becomes saturated. During the discharge step, the electrodes are short-circuited. 
Equilibrium in terms of saturation of electrodes can be reached in this type of operation. 
In constant current operation, a fixed current is applied to the cell and the potential goes 
on increasing till it reaches a pre-specified charging cut-off voltage. At this stage the current is 
usually reversed for the discharge step to occur when the potential across the electrodes goes on 
decreasing till It reaches yet again, a specified discharge cut-off voltage (usually 0 V). One of the 
major advantages of CC operation over CV operation is the potential of energy recovery during 
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the discharge step because the voltage slowly reduces from the charging cut-off voltage to zero, 
during which the stores energy can be recovered (Długołęcki and van der Wal, 2013; Dykstra et 
al., n.d.; Han et al., 2015; Hemmatifar et al., 2016; Qu et al., 2016; Wang and Lin, 2018). In this 
operation, much like a capacitor, a CDI cell can also store and release energy in the form of ionic 
charge. Other benefits of CC operation include the possibility of tuning for a specific concentration 
drop (ΔC) and the potential of getting a constant effluent concentration during the charging stroke 
(Zhao et al., 2012) 
2.4 Capacitive Deionization performance indicators and metrics 
Concentration reduction / drop (ΔC) 
This is the average concentration reduction (mM) in the effluent stream as compared to 
the feed stream during a given charge cycle. The average amount of salt removed can be 
calculated from ΔC (Hawks et al., 2019). Although ΔC gives an indication of cell 
performance, it is not often used to compare cell performances because it depends on 
various parameters like flow rates, cell geometries etc.  
𝛥𝑁𝑒𝑓𝑓 = ∫ 𝑄(𝐶𝑓𝑒𝑒𝑑 − 𝐶𝑒𝑓𝑓)𝑑𝑡𝑡𝑐𝑦𝑐𝑙𝑒
  where  𝑄(𝐶𝑓𝑒𝑒𝑑 − 𝐶𝑒𝑓𝑓) > 0     (1)  
𝛥𝐶 =
𝛥𝑁𝑒𝑓𝑓
𝑉𝑑
           (2) 
Here 𝛥𝑁𝑒𝑓𝑓 is the moles of salt removed from the feed stream during a charging cycle, Q 
is the volumetric flowrate of the influent in L s-1, Cfeed is the concentration of the feed or 
influent in mol L-1, Ceff is the concentration of the effluent in mol L-1 and tcycle is the total 
cycle time in s (Hawks et al., 2018). Vd is the total volume passed through the reactor 
during the charging stroke or the desalination stroke. ΔC is a primary metric used for the 
calculation of other performance metrics and indicators mentioned below. 
Water recovery (γ) 
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Water recovery is the ratio of the amount of desalinated water obtained during the 
charging step to the total feed flown through the cell throughout the whole cycle. For a 
comparison of different CDI cells, the definition and comparison of the water recovery 
values is an important factor (Hawks et al., 2019). 
Salt adsorption capacity (SAC) 
Salt adsorption capacity (SAC) or previously called specific salt adsorption (SSA), is the 
total amount of salt adsorbed or removed from the feed stream during the charging step 
normalized to the electrode mass. The higher the SAC, the better is the desalination. Salt 
adsorption capacity (SAC, mg g-1) is determined for each charge stroke by integrating the 
effluent concentration profile and normalizing salt removal to the mass of both electrodes.  
Average salt adsorption rate (ASAR) 
Average salt adsorption rate (ASAR) is indicative of the kinetics of adsorption. Average 
salt adsorption rate (ASAR) is determined by dividing the salt adsorbed during charging 
by the total cycle time, and then normalized to total electrode mass.    
Kim-Yoon Plots 
A Kim-Yoon (KY) plot is used to establish a qualitative relationship between ASAR and 
SAC (Kim and Yoon, 2015). The SAC is on the X-axis and ASAR on the Y-axis. The trade-
off between the adsorption capacity and rate can be observed using KY plots. 
Charge efficiency (ηCE) 
Charge efficiency has been subject of much of the research in CDI (Avraham et al., 2010, 
2009; Kim et al., 2015; Shanbhag et al., 2016; Zhao et al., 2010). Observed charge 
efficiency (𝜂𝐶𝐸) relates the effective charge adsorbed to the total charge passed in the 
circuit during charging, incorporates losses due to faradaic reactions, co-ion repulsion 
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during electrosorption, desalination of brine residue in the flow-channel and electrode from 
the previous cycle (Shang et al., 2017). Charge efficiency is calculated as a ratio of charge 
equivalent of salt removed to the total charge passed during charging. A charge efficiency 
of unity will indicate that all the charge passed while charging has been utilized for 
adsorption of ions into the electrode.  
Flow efficiency (ηFE) 
Flow efficiency (𝜂𝐹𝐸) is a parameter that influences observed charge efficiency, and 
captures losses due to the non-recoverable portion of desalinated water inside the reactor 
as well as other losses due to mixing (Hawks et al., 2019, 2018). Flow efficiency is 
calculated with either flushing or with no flush conditions using the time spent in charging 
(tc, experimental) for different current densities and the cell residence time (τc) according 
to the procedure given in Hawks et al (Hawks et al., 2018).  
Equivalent series resistance (ESR) 
Energy loss in CDI can occur due to energy dissipation through the resistive elements or 
unwanted faradaic and parasitic reactions (Dykstra et al., 2016; Qu et al., 2016, 2015). 
The series resistances include external leads, contact resistances, collector resistances 
and ionic resistances within the separator. Series resistances both, impacts the energy 
consumption while also affects the operations performance (Hemmatifar et al., 2016; Qu 
et al., 2016). The equivalent series resistance (ESR in Ω cm2) of the cells can be calculated 
by dividing the initial increase in cell voltage by the current density (Chen et al., 2018). 
ESR can also be calculated from electrochemical impedance spectroscopy (EIS). 
Capacitance  
Cell capacitance gives a quantitative estimation of its charge storage capability. 
Capacitance is the most important factor that underlies SAC and hence will strongly impact 
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the desalination capability of a CDI cell (Hawks et al., 2019). In CC operation, Capacitance 
is usually measured from the slope of the voltage discharge curve. The applied current 
was divided by the slope and then normalized by the total electrode mass to obtain 
capacitance (F/g). Cyclic voltammetry is also commonly used to report capacitance of the 
cell. 
Round trip efficiency (ηRTE) 
In CC operations, a part of the energy consumed during the charging process can be 
recovered during the discharge process because the electrodes are not short-circuited. 
The ratio of recoverable energy to the energy input Is called the round-trip efficiency or 
energy recovery. Round trip efficiency is directly impacted by the energy losses that are 
used to overcome the series resistances (Długołęcki and van der Wal, 2013). Further, 
energy recovery directly impacts the gross energy consumption in the desalination 
process. (E. Suss et al., 2015).  
Energy normalized adsorbed salt (ENAS) 
The energy efficiency of desalination is usually quantified using energy-normalized 
adsorbed salt (ENAS) or specific energy consumption (SEC) to relate moles of salt 
adsorbed (𝛥𝑁𝑒𝑓𝑓) and energy consumed by the cell. Energy recovery may or may not be 
considered during the calculation of ENAS (Długołęcki and van der Wal, 2013; Hand and 
Cusick, 2017). ENAS is higher is energy is recoverable, indicative of a better energetic 
performance.  
Volumetric Energy Consumption 
Hawks et al proposed the use of volumetric energy consumption (KWh m-3) as a 
performance metric for CDI (Hawks et al., 2019). It directly relates to the energy use in 
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desalination and may be used to compare CDI performances across a wide range of 
operational conditions. 
Thermodynamic efficiency (ηTE) 
Thermodynamic approach is used to compare the desalination energy consumption to 
the theoretical energy for separation of streams. All technologies will consume greater 
amount of energy than the theoretical minimum, but the efficiency can be used to 
compare performances of cell across a wide range if technologies, operating conditions 
etc. Thermodynamic efficiency is calculated as the ratio of the minimum thermodynamic 
energy to the actual energy consumed with and without recovery (Długołęcki and van 
der Wal, 2013). The minimum thermodynamic energy for each desalination run was 
calculated as the minimum theoretical work required to separate the influent stream into 
dilute stream (desalinated) and concentrated streams (brine) using the influent, brine 
and desalinated stream  concentrations in the equation given below  (Biesheuvel, 2009; 
Długołęcki and van der Wal, 2013). 
 𝛥𝑔𝑠𝑒𝑝 = 2𝑅𝑇 [𝑐𝐷𝑙𝑛𝑐𝐷 + (
1
𝛾
− 1) 𝑐𝐵𝑙𝑛𝑐𝐵 −
𝑐𝑓𝑒𝑒𝑑
𝛾
𝑙𝑛𝑐𝑓𝑒𝑒𝑑]     (3)  
Here Δgsep is the minimum thermodynamic energy required to separate the influent 
stream into desalinated and brine streams respectively. cD and cB are average effluent 
stream concentration after the charge cycle and discharge cycle respectively. R is the 
universal gas constant (8.31446 J mol-1 K-1), T is the temperature in Kelvin and γ is the 
water recovery or the fraction of volume of feed passed during the total cycle which has 
been desalinated during the charge cycle. 
Productivity 
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Productivity is the volume of desalinated water (dilutate) produced per unit area of the 
electrodes per unit time (Pan et al., 2017). Productivity is also called throughput. Some 
studies state that volume throughput or productivity is more closely tied to general 
performance of a CDI cell as opposed to salt removal rate (Ghaffour et al., 2013; Hawks 
et al., 2019; R. Zhao et al., 2013a). Comparatively, not many studies have reported 
productivity as a metric for their desalination performance as opposed to desalination 
performance indicators like SAC or ASAR. 
𝑃 =
𝑉𝑑
𝑛.𝐴.𝛥𝑡𝑐𝑦𝑐𝑙𝑒
           (4) 
Here, P is the productivity, A is the face area (projected area) of the electrodes. 
Productivity and Energy use could reflect desirable desalination characteristics of a CDI 
system regardless of the operating condition/mechanism. 
 
2.5 CDI architectures 
2.5.1 Flow-by CDI 
The most common and the first reported architecture of CDI involves the flow of feed 
solution parallel to the electrodes through a flow channel created in between to parallelly spaced 
electrodes, called as the flow-by or flow-between architecture (Fb-CDI). This architecture was first 
introduced in 1960s (Blair and Murphy, 1960) and revisited in the 1970s to1980s (Oren and Soffer, 
1983, 1978) and 1990s (J. C. Farmer et al., 1996; Joseph C. Farmer et al., 1996). This is the most 
commonly used architecture for the study of performance of a CDI cell, study of porous electrodes 
and other materials for CDI cell development. In a study by remillard et al., the maximum SAC 
observed for Fb-CDI cells were around 4 and 7 mg g-1 and highest rates of about 0.2 to 0.3 mg g-
1 min-1 for nanofiber and carbon cloth electrodes respectively (Remillard et al., 2018). Another 
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study reported a high adsorption capacity of 13 mg g-1 and a rate of 4 mg g-1 min-1 for an fb-CDI 
cell architecture for a particular set of operating conditions (Baroud and Giannelis, 2018). The 
drawback of fb-CDI architecture includes the interference of co-ions in the double layer i.e. co-ion 
repulsion and transport. Co-ion repulsion in fb-CDI is responsible for its low observed charge 
efficiency which is usually between 40 to 80% (Kim et al., 2015). Fb-CDI cells are diffusion limited 
due to salt depletion and a concentration reduction of the solution throughout the porous electrode 
structure and flow-channel. Due to the diffusional limitations in fb-CDI, in certain operations 
conditions like constant current operation, there can be a presence of residual brine from the 
previous discharge stroke and there is a possibility of adsorbed ions to move back into the solution 
causing a reverse flux of ions. The presence of oxygen can unleash a series of faradaic reactions 
or parasitic reactions leading to oxidation and degradation of the anode (Tang et al., 2017). The 
presence of residual brine, reverse flux of ions during the charging stroke, and parasitic reactions 
also affect the performance metrics observed for fb-CDI cells. The observed drawbacks are due 
to a lack of membranes that could block co-ions from entering the porous electrodes. This can be 
achieved by using membrane CDI (MCDI) discussed in the next section. 
2.5.2. MCDI 
A huge improvement in the field of CDI was made by the introduction of ion-exchange 
membranes (IEMs) to the system i.e. addition of anion exchange membranes in front of the anode 
and cation exchange membrane in front of the cathode. This flow-by or flow-between system is 
called the MCDI. Theoretically, with the addition of IEMs, a charge efficiency of 100% is possible 
because of complete blockage of co-ions. Blockage of co-ions also results in additional storage 
space that can potentially improve adsorption performance (Tian et al., 2014). Experimentally, 
charge efficiencies of above 90% have been reported for MCDI systems (Zhao et al., 2012). With 
the addition of membranes to the system, a 20% improvement in the salt adsorption capacity has 
been reported (Biesheuvel et al., 2011). The improvement in performance metrics is also because 
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depletion occurs only in the flow channel as opposed to throughout the electrode in CDI systems. 
A range of performance metrics have been reported due to large number of studies on this type 
of architecture. The metrics have been listed in table 1. Membranes can also present a barrier to 
the flow of oxygen to the electrode which can prevent a large number of faradaic reactions as 
opposed to fb-CDI systems (Tang et al., 2017). Ion-exchange membrane can be added as 
discrete membranes on the electrode or can be achieved by coating the electrode with a 
polymerized ion-exchange coating. Ion-exchange coatings can be thinner than discrete IEMs 
leading to a lower system resistance (Porada et al., 2013). An increase from 5-13 mg g-1 for fb-
CDI to 14 mg g-1 for MCDI has been reported in a recent study due to the addition of coated ion-
exchange membranes (Jain et al., 2018). The drawback of MCDI systems is the prohibitive cost 
of membranes (Biesheuvel and van der Wal, 2010). 
Effects similar to ion-exchange membranes can be achieved for retaining co-ions by 
distribution of fixed charged binders throughout the electrode pores during the electrode 
preparation process (M. Kim et al., 2019). This can increase the adsorption by sequential uptake 
and release of salt to uncovered pores. Electrodes can also be coated with asymmetrically 
charged polyelectrolytes which are distributed throughout the porous electrode structure (Ahualli 
et al., 2017, 2014). The thickness of polyelectrolyte coatings lies in the nanometer range (~50 
nm) leading to lower resistances as opposed to discrete and coated membrane cells. 
Performance of polyelectrolyte coated CDI cells compare favorably to MCDI cells (Ahualli et al., 
2014). All the studies for polyelectrolyte coated electrodes have only been performed under 
constant voltage operations so it is unclear if the performance enhancements would hold true 
under constant current operation. SACs of about 8.7 mg g-1 and charge efficiency of 73% was 
reported for these electrodes, comparing favorably with MCDI systems (Ahualli et al., 2017). 
2.5.3 Flow through CDI 
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Another type of architecture involves the flow of solution through the electrodes parallel to 
the applied field, called as the flow-through (ft) CDI or flow-through electrode (fte) CDI. The feed 
solution flows through one porous carbon electrode and then the other. Flow-through electrode 
CDI requires the use of monolithic electrodes instead of powdered AC electrodes because of the 
cell architecture. These electrodes have multi-scale pores: macropores (10-50 μm) and 
micropores (2 – 5 μm) (E. Suss et al., 2012; E. N. Guyes et al., 2017). Macropores are used for 
the advective flow of ionic solution through the electrodes while micropores are for adsorption of 
ions into the electric double layer. Flow-through electrodes require higher feed pressure as 
opposed to flow-by systems. This geometry eliminates the need for a flow-channel. Due to the 
presence of macropores and advective flow of ions into the electrodes, the ion diffusion length is 
reduced, decreasing the resistance of the cell. Flow-through CDI systems have been reported to 
demonstrate better diffusion kinetics as compared to fb-CDI system. A foundational study by on 
ft-CDI demonstrated a 4 to 10 times increase in the sorption rate as compared to fb-CDI, with a 
mean sorption rate of 1 mg g-1 min-1 (E. Suss et al., 2012). Ft-CDI, however could have higher 
faradaic reactions leading to anode oxidation (Remillard et al., 2018), and flowing through the 
electrode could incur elevated pumping energy requirements due to head loss in the electrodes. 
2.5.4 Flow electrode CDI 
A new class of CDI architecture was introduced in 2013, involving flowable electrodes, 
called flow electrode CDI or FCDI (Jeon et al., 2013). It involves the use of flowing electrode 
slurries for electrochemical storage. Due to the use of flowing electrodes, discharge process can 
occur separately as a downstream process and desalination can be performed continuously 
(Carmona Orbezo and Dryfe, 2018; Gendel et al., 2014; Jeon et al., 2013). The pumping costs 
for FCDI can be high. FCDI is still in its infancy and there is a vast potential for performance 
improvement (E. Suss et al., 2015).  
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Table 1. Previously published literature for constant current operation for Fb-MCDI and Ft-CDI, 
and constant voltage operation for MCDI with discrete and cast membranes. Unreported metrics 
are marked as ‘-’. 
Constant Current Operation Fb-MCDI with discrete membranes 
Current 
Density 
(A m-2) 
[NaCl
] 
(mM) 
Q  
(mL min-
1) 
Cut-off 
voltag
e (V) 
SAC 
(mg g-1) 
ASAR  
(mg g-1 
min-1) 
ηCE  
(%) 
ENAS 
(µmol J-
1) 
Ref. 
37 40 30 1.5  6.54 - 0.78 17 (R. Zhao 
et al., 
2013a) 
38 40 60 1.6  6.3 - 77 -81 12 (Zhao et 
al., 2012) 
37 20 60 1.6  5.84 1.5 - - (R. Zhao 
et al., 
2013b) 
6.7 - 83 50 2 1.2  11 - 23 6.0 - 0.66 104 - (Kim and 
Yoon, 
2015) 
10 10 20 0.8  6.1 - 96 40 (Choi, 
2015) 
16.667 10 2 1.2 17.4 1.8 0.87 - (Kim and 
Yoon, 
2015) 
10 10 20 1 9.35 - 0.96 9.15 (Choi, 
2015) 
10 10 20 1.2 12.27 - 0.96 10.56 (Choi, 
2015)  
Constant Current Operation for Ft-CDI 
13 100 0.24 - 3.0 - 5.2  - - 25- 10 (Qu et 
al., 2016) 
         
Constant Voltage Operation (fb-MCDI) with discrete membranes 
 NaCl 
(mM) 
Flow rate 
(mL/min) 
Chargi
ng 
time 
(S) 
SAC 
(mg/g) 
ASAR 
(mg/g/min
) 
ηCE 
(%) 
ENAS 
(µmol J-
1) 
Ref. 
 6.8 37.5 -- 4.1 - 6.6 -- -- 11.9 - 
3.17 
(Y. Zhao 
et al., 
2013) 
 20 60 200-
2,000 
7.6 - 
13.4 
2.1 - 
0.042 
-- -- (R. Zhao 
et al., 
2013b) 
 10 20 300 14.0 -- 92 16.1 (Choi, 
2015) 
 10 10 180 22.4 4.32   (Lee et 
al., 2014) 
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Table 1 (cont.) 
         
Constant Voltage Operation (fb-MCDI) with cast membranes 
 3.42 20 - 30 180 -- -- 69-75 -- (Kim and 
Choi, 
2010b) 
 13.7 20 900 14 -15.6 -- -- -- (Tian et 
al., 2014) 
 10 -- 1,000 14.4 0.865 86 -- (Jain et 
al., 2018) 
 10 -- 1,000 16.1 0.966 97 -- (Jain et 
al., 2018) 
 
2.6 Studies on electrode morphologies 
CDI electrodes must have electrochemical stability, low resistance to diffusion to minimize 
energy losses, and a pore network that enables fast ion flux (Porada et al., 2013). Along with 
these criteria, it is intuitive that the cost of processing should be low.  CDI mostly employs carbon-
based materials to achieve these requirements. Electrodes are generally composite, comprising 
of 80-90% active material by mass, remaining as binders and conductive additives. As opposed 
to composite electrodes, monolithic electrodes are also used (for e.g. In Ft-CDI). One of the most 
commonly employed active material is activated carbon (AC). AC can have high variability in pore 
size and distribution and the types of functional groups on its surface (Dias et al., 2007). Carbon 
aerogels are a type of porous carbon material with high surface area and uniform pore distribution 
and they can be highly tined for the pore sizes (Hwang and Hyun, 2004; Pekala et al., 1998). 
Hence, they are used for capacitive energy storage devices and CDI systems (Biener et al., 2011). 
They have been used in flow-through systems with achieving a salt adsorption capacity of around 
5.8 to 7.5 mg g-1 (E. Suss et al., 2012; Porada et al., 2013; Tsouris et al., 2011; Xu et al., 2008). 
Another type of electrode material used in CDI systems is carbon nanotubes (CNT) due to their 
potential for highly ordered pore matrix structure (Porada et al., 2013). It has been shown that 
CNTs can compare favorably to aerogels and that with an increase in CNT content in the 
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electrode, the energy consumption decreased for CNT-AC composite electrode, although this 
came at the cost of a lower salt adsorption capacities (Dai et al., 2006; Wang et al., 2006). 
Achieving higher surface area in electrodes would mean a decrease in pore size and increase in 
the amount of micropores, but this increase hinders the ability of ions to move quickly (Porada et 
al., 2013). Ordered mesopores (2 to 50 μm) could be added to the electrodes for an improvement 
in electrosorption (Zou et al., 2008). Mesopores or macropores in the electrodes can serve for 
advection through the electrode for subsequent adsorption into the micropores. Xu et al., 
demonstrated that mesoporus electrode structure could yield a substantial increase in salt 
adsorption capacities (Xu et al., 2016).  
Addition of laser perforations within the flow-through CDI cell for increasing in 
macroporosity caused an increase in hydraulic permeability in the cell. Increase in hydraulic 
permeability due to an increase in macroporosity could decrease the feed pressure but the 
performance metrics did not change (E. Guyes et al., 2017). Changes in conventional electrode 
macrostructure by addition of etched macropore patterns has been shown to improve the effective 
ionic conductivity by creating bi-tortuous electrolyte diffusion pathway (Cobb and Blanco, 2014; 
Nemani et al., 2015). The increase in macroporosity has been shown to enhance energy storage 
performace of insertion electrodes (Bae et al., 2013; Cobb and Blanco, 2014; Cobb and Solberg, 
2017; Nemani et al., 2015).  
Tortuosity of a porous electrode is the ratio of the microscopic path length of an ion 
normalized by the cartesian distance between the two end points of the path it takes (Epstein, 
1989; Landesfeind et al., 2016; Nemani et al., 2015). Tortuosity of the porous electrode depens 
on the size of pores and the shape of the solid particles. Besides this interpretation, tortuosity 
impacts electrode charging dynamics in terms of effective ionic conductivity and effective ionic 
diffusivity. A decrease in trtuosity is indicated by MacMullin number (Mc). 
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      (5) 
Where Κeff is the effective ionic conductivity, Κ0 is the bulk conductivity, Mc is the MacMullin 
number, ε is the porosity, τ is the tortuosity, Deff is the effective ionic diffusivity and D0 Is the bulk 
diffusivity (Thorat et al., 2009). Microstructures with two dissimilar length scales have been used 
to decrease the apparent tortuosity, also called as bi-tortuous electrodes. Bae et al. demonstrated 
improved electrode kinetics where porosity is distributed at multiple length scales to reduce the 
effective ionic tortuosity in the pore network (Bae et al., 2013). Cobb and Solberg demonstrated 
that increased in porosity by introducing co-extrusion in electrodes improved the active material 
utilization in battery electrodes (Cobb and Solberg, 2017). Nemani et al demonstrated that 
available capacity of battery electrodes with multi-scale lengths or porosity depends strongly on 
the spacing between the macropores and developed an optimal design for bi-tortuous electrodes 
to enhance the diffusion kinetics within the electrodes (Nemani et al., 2015). Further studies have 
used this optimal design of bi-tortuous macroporous electrodes in CDI cells. Through a tortuosity 
reduction in activated carbon porous electrodes, the effective conductivity, rate capability and 
capacitance were shown to improve depending on the electrode thickness and time scale of 
charging (Reale and Smith, 2018). No studies have yet been performed to test the desalination 
performance of such electrodes with multi-scale porosity. 
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CHAPTER 3 
METHODS†† 
 
3.1 Electrode Fabrication 
Electrodes were prepared as described previously (Reale and Smith, 2018). Briefly, YP-
50 activated carbon (Kuraray Corporation, Japan) was used as the capacitive material. Electrode 
slurry was prepared by mixing 0.85 g of YP-50 activated carbon, 0.05 g of C45 carbon black, as 
a conductivity additive, and 0.1 g polyvinylidene fluoride (PVDF, Millipore Sigma, United States) 
binder. One gram of solid material was dissolved in three milliliters of N-methyl-2-pyrrolidone 
(NMP, Millipore Sigma, United States) solvent. The container was sealed, and the slurry was 
mixed for fifteen minutes using the standard mode of operation for the Thinky ARE-310 planetary 
mixer to ensure thorough mixing, followed by five minutes on the deaeration setting to ensure 
removal of air bubbles. Electrodes were cast into a well carved within a graphite current collector 
(L × W × H: 3 cm × 0.5 cm × 0.25 mm) using a film applicator (Elcometer, United Kingdom). The 
cast electrodes were submerged in deionized water for wet phase inversion for one hour to allow 
water to replace NMP. The electrodes were air-dried at 22⁰C for at least two hours to allow the 
water and dilute NMP to evaporate.  
Two types of electrodes were prepared for the study: unpatterned (UP) and bi-tortuous 
(BT). Bi-tortuous electrodes were prepared by machining the unpatterned electrodes with 
macroporous patterns. Macropores were cut using a 100 µm diameter flat micro-mill (Harvey Tool  
_________________________ 
†† published as Bhat, A.P., Reale, E.R., del Cerro, M., Smith, K.C., Cusick, R.D., 2019. Reducing impedance 
to ionic flux in capacitive deionization with Bi-tortuous activated carbon electrodes coated with 
asymmetrically charged polyelectrolytes. Water Research X 3, 100027. 
https://doi.org/10.1016/j.wroa.2019.100027  
24 
 
Company, United States) at a spindle speed of 1200 rpm and one inch per minute, as 
previously described (Reale and Smith, 2018). The depth of the macropores was targeted at 
>75% of the electrode thickness, a precision limit placed by the macro-mill used, which had a 
resolution of 25 µm. Based on the optimum results from previous studies and simulations, the 
spacing of macropores covered 25% of the electrode area (Nemani et al., 2015; Reale and Smith, 
2018). Scanning electron microscopy (SEM) was used to characterize the top view of the 
macropore patterns and compare them to the unpatterned electrodes (Figure 2). 
 
3.2 Polyelectrolyte Coating 
Charged polyelectrolytes were adsorbed onto porous carbon films in the present study not 
only to introduce ion-selectivity at the electrode/flow-channel diffusion interface but also to 
maintain the macroporous profiled structure of bi-tortuous electrodes (Ahualli et al., 2017). 
Polyelectrolyte coating was formed by submerging the negative and positive electrodes, 
respectively, in 100 mM solution of poly(diallyldimethylammonium chloride) (PDADMAC, 
Molecular weight <100,000, Millipore Sigma, United States) and poly(sodium 4-styrenesulfonate) 
(PSS, Molecular weight ~ 200,000, Millipore Sigma, United States) for 24 hours followed by drying 
over-night. The presence of the coating was confirmed by elemental mapping of a cross-section 
of coated electrodes using Energy Dispersive X-ray Spectroscopy (EDS) for the presence of 
sodium and sulfur for PSS, and chlorine for PDADMAC. (Figure 2). For the cross-sectional 
images, samples were frozen in liquid nitrogen before sectioning. 
 
3.3 Experimental Setup and Desalination Experiments 
Two-electrode flow-by CDI cells, one containing two unpatterned electrodes and the other 
containing two bi-tortuous electrodes, each coated with polyelectrolytes, were used for the 
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desalination experiments (Figure 2C, D). Further electrodes that weren’t coated with 
polyelectrolytes (uncoated bi-tortuous and uncoated unpatterned cells) were also evaluated but 
due to the poor performance caused by co-ion repulsion, our analysis focused on polyelectrolyte 
coated electrodes. Composite activated carbon electrodes were cast into a well etched within a 
graphite current collector with a 0.25 mm thickness and a projected area of 1.5 cm2 (L × W: 3 cm 
× 0.5 cm). There was a reduction in electrode mass due to the etching of macrochannels. The 
mass of the bi-tortuous electrodes (both anode and cathode) was 14.3 mg cm-2, while that of both 
the unpatterned electrodes was 15.7 mg cm-2.  Within the flow cell, electrodes were separated 
using a glass microfiber separator (porosity εFC = 0.7 and thickness = 250 μm) and the flow 
channel was sealed using a gasket of 125 µm thickness. Feed solution (50 mM deaerated NaCl) 
was pumped through the cell at a flow rate of 0.2 mL min-1 using a syringe pump (Harvard 
Apparatus, Holliston, MA) and was held constant for both the charge and discharge strokes of 
each cycle.  Effluent concentration was calculated by using a conductivity calibration curve. 
Effluent conductivity was measured using an in-line conductivity flow cell (ED916, eDAQ, 
Australia). Experimental residence time in unpatterned and bi-tortuous flow cells was measured 
by an NaCl tracer test using a pulse input method by measuring the effluent conductivity and were 
12 s and 32 s for the bi-tortuous and unpatterned cell respectively. The residence time for the bi-
tortuous electrode cell was higher than unpatterened because of the added macroporous volume 
created by removing carbon during the etching of channels. Residence times in the reactors were 
used for the calculation of flow efficiency described in the next section (Hawks et al., 2018). 
During desalination cycling experiments, the fb-CDI cells were charged and discharged at 
constant current densities of (±) 5, 10, 12, 15, 20 and 25 A m-2 normalized to the projected area 
of the electrodes (1.5 cm2) using a galvanostat (Bio-Logic Inc., France). Constant current (CC) 
operation was utilized rather than constant voltage (CV) to assess the impact of BT electrodes on 
round trip energy efficiency and net energy consumption (Qu et al., 2016). The cell was charged 
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until a specified cut-off voltage was reached followed by reversing cell current at equal density 
until the voltage reached 0 V. The charge and discharge cycles immediately followed each other 
with no time in between for hydraulic flushing. Comparison between UP and BT electrodes was 
performed with a cut-off voltage of 0.8 V (UP:0.8 V and BT:0.8 V) including the use of a duplicate 
set of electrodes. The cut-off voltage was kept at 0.8 V to minimize faradaic and parasitic 
reactions. The performance of bi-tortuous electrodes was further tested for cut-off voltages of 1.0 
V and 1.2 V (BT:1.0 V and BT:1.2 V). A minimum of 10 cycles were run for each condition.  Data 
were analyzed after a minimum of 5 continuous cycles once steady state had been reached (the 
length and depth of desalination curves did not change). At least four curves within the dynamic 
steady state were analyzed and averaged. Error bars indicate one standard deviation above and 
below the mean respectively. Uncoated electrodes (UP uncoated and BT uncoated) were tested 
at a current density of 10 A m-2 and voltage window of 0.8 V for comparison to the polyelectrolyte-
coated electrodes (Table 3).  
Electrochemical impedance spectroscopy (EIS) was performed to characterize 
differences in resistance, tortuosity, and capacitance between unpatterned and bi-tortuous 
electrodes and to demonstrate the impact of polyelectrolyte coating. Potentiostatic EIS scan was 
performed from 100 KHz to 10 mHz with 6 points analyzed per decade. Three EIS scans were 
analyzed to report the mean and standard deviation. MacMullin number (Mc) directly relates to 
tortuosity and was determined by fitting the EIS data to the transmission-line model as given in 
the previous study for bi-tortuous electrodes (Reale and Smith, 2018). 
𝛫𝑒𝑓𝑓
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𝐷0.𝜀
𝜏
     (5) 
Where Κeff is the effective ionic conductivity, Κ0 is the bulk conductivity, Mc is the MacMullin 
number, ε is the porosity, τ is the tortuosity, Deff is the effective ionic diffusivity and D0 Is the bulk 
diffusivity (Thorat et al., 2009). 
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Figure 2. (A) Separated layers as used in the construction of the CDI flow cell with (1) Acrylic end 
plates, (2) End plate sealing gasket, (3) Graphite current collector, (4) Activated carbon 
electrodes, (5) Porous glass fiber spacer, (6) flow-channel separator, (7) Flow in, (8) Effluent 
conductivity probe (9) Flow out, (10) flow direction through the flow-channel. (B) Graphical and 
SEM images of view of the un-patterned (UP) and bi-tortuous (BT) electrode evaluated in the flow 
cell, (C) Cross-sectional SEM image of the bi-tortuous electrodes. (E) Cross-sectional SEM image 
of the cathode electrode coated cation exchange polyelectrolyte (PSS) and anode electrode 
coated with anion exchange polyelectrolyte (PDADMAC). Distribution of coating throughout the 
electrode depth was confirmed with EDS elemental mapping of Sodium and Chlorine.  
 
3.4 Performance metrics and calculations  
The performance of CDI cells with unpatterned and bi-tortuous electrodes was 
characterized in terms of both capacitive energy storage and desalination. The equivalent series 
resistance (ESR in Ω cm2) of the cells was calculated by dividing the initial increase in cell 
voltageby the current density (Chen et al., 2018). Capacitance was measured from the slope of 
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the voltage discharge curve. The applied current was divided by the slope and then normalized 
by the total electrode mass to obtain capacitance (F/g). Round trip efficiency (ηRTE) of the 
charge/discharge cycle was calculated as the ratio of energy recovered during the discharge cycle 
(Eout) to the energy passed during the charging cycle (Ein) (E. Suss et al., 2015).  
𝜂𝑅𝑇𝐸 =
𝐸𝑜𝑢𝑡
𝐸𝑖𝑛
            (6) 
Salt adsorption capacity (SAC, mg g-1) of each cell was determined for each charge stroke by 
integrating the effluent concentration profile and normalizing salt removal to the mass of both 
electrodes.  
𝛥𝑁𝑒𝑓𝑓 = ∫ 𝑄(𝐶𝑓𝑒𝑒𝑑 − 𝐶𝑒𝑓𝑓)𝑑𝑡𝑡𝑐𝑦𝑐𝑙𝑒
  where  𝑄(𝐶𝑓𝑒𝑒𝑑 − 𝐶𝑒𝑓𝑓) > 0      (1)  
Here 𝛥𝑁𝑒𝑓𝑓 is the moles of salt removed from the feed stream during a charging cycle, Q is the 
volumetric flowrate of the influent in L s-1, Cfeed is the concentration of the feed or influent in mol 
L-1, Ceff is the concentration of the effluent in mol L-1 and tcycle is the total cycle time in s (Hawks 
et al., 2018). 
𝑆𝐴𝐶 =
𝑀.𝛥𝑁𝑒𝑓𝑓
𝑚
            (7) 
Here M is the molar mass of the salt (58.44 g mol-1 for NaCl) and m is the total mass of the 
electrodes in g.  
Average salt adsorption rate (ASAR) was determined by dividing the salt adsorbed during 
charging by the total cycle time, and then normalized to total electrode mass.  
𝐴𝑆𝐴𝑅 =
𝑀.𝛥𝑁𝑒𝑓𝑓
𝑚.𝑡𝑐𝑦𝑐𝑙𝑒
           (8) 
A Kim-Yoon plot was used to establish a qualitative relationship between ASAR and SAC (Kim 
and Yoon, 2015). Observed charge efficiency (𝜂𝐶𝐸), which relates the effective charge adsorbed 
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to the total charge passed in the circuit during charging, incorporates losses due to faradaic 
reactions, co-ion repulsion during electrosorption, desalination of brine residue in the flow-channel 
and electrode from the previous cycle (Shang et al., 2017). Charge efficiency was calculated as 
a ratio of charge equivalent of salt removed to the total charge passed during charging.  
𝜂𝐶𝐸 =
𝛥𝑁𝑒𝑓𝑓.𝐹
𝑞𝑖𝑛
            (9) 
Here F is the Faraday’s constant (96385.3 C mol-1) and qin is the charge transferred to the cell 
during the charge stroke in Coulombs. 
Flow efficiency (𝜂𝐹𝐸) is a parameter that influences observed charge efficiency, and captures 
losses due to the non-recoverable portion of desalinated water inside the reactor as well as other 
losses due to mixing (Hawks et al., 2019, 2018). Flow efficiency was calculated with no flush 
conditions using the time spent in charging (tc, experimental) for different current densities and 
the cell residence time (τc, section 2.4) according to the procedure given in Hawks et al (equation 
7) (Hawks et al., 2018).  
𝜂𝐹𝐸 =
2.𝜏𝑐
𝑡𝑐
ln (
𝑒
𝜏𝑐
𝑡𝑐 +1
2
) − 1           (10) 
The energy efficiency of desalination was quantified using energy-normalized adsorbed salt 
(ENAS) and thermodynamic efficiency to relate moles of salt adsorbed (𝛥𝑁𝑒𝑓𝑓) and energy 
consumed by the cell. The values of energy consumed used for the determination of ENAS and 
thermodynamic efficiencies were calculated by: i) considering only the energy consumed during 
the charging cycle (without recovery) and ii) accounting for the energy during cell discharge (with 
recovery). ENAS was calculated as the amount of salt removed normalized to the energy 
consumed with and without recovery (Hemmatifar et al., 2016).  
𝐸𝑁𝐴𝑆∗ =
𝛥𝑁𝑒𝑓𝑓
𝐸𝑖𝑛
  (Without recovery)        (11) 
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𝐸𝑁𝐴𝑆 =
𝛥𝑁𝑒𝑓𝑓
𝐸𝑖𝑛−𝐸𝑜𝑢𝑡
 (With recovery)        (12) 
Thermodynamic efficiency was calculated as the ratio of the minimum thermodynamic energy to 
the actual energy consumed with and without recovery (Długołęcki and van der Wal, 2013). The 
minimum thermodynamic energy for each desalination run was calculated as the minimum 
theoretical work required to separate the influent stream into dilute stream (desalinated) and 
concentrated streams (brine) using the influent, brine and desalinated stream  concentrations in 
the equation given below  (Biesheuvel, 2009; Długołęcki and van der Wal, 2013). 
 𝛥𝑔𝑠𝑒𝑝 = 2𝑅𝑇 [𝑐𝐷𝑙𝑛𝑐𝐷 + (
1
𝛾
− 1) 𝑐𝐵𝑙𝑛𝑐𝐵 −
𝑐𝑓𝑒𝑒𝑑
𝛾
𝑙𝑛𝑐𝑓𝑒𝑒𝑑]      (3) 
Here Δgsep is the minimum thermodynamic energy required to separate the influent stream into 
desalinated and brine streams respectively. cD and cB are average effluent stream concentration 
after the charge cycle and discharge cycle respectively. R is the universal gas constant 
(8.31446 J mol-1 K-1), T is the temperature in Kelvin and γ is the water recovery or the fraction of 
volume of feed passed during the total cycle which has been desalinated during the charge 
cycle. 
𝜂𝑇𝐸
∗ =
𝛥𝑔𝑠𝑒𝑝
𝐸𝑖𝑛
 (Without recovery)        (13) 
𝜂𝑇𝐸 =
𝛥𝑔𝑠𝑒𝑝
𝐸𝑖𝑛−𝐸𝑜𝑢𝑡
  (With recovery)        (14)  
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CHAPTER 4 
RESULTS AND DISCUSSION
††
 
 
4.1 Effect of bi-tortuosity on capacitance, resistance, and round-trip energy efficiency 
The introduction of macro-porous channels increased the effective ionic conductivity within 
BT electrodes, resulting in an average of 27% higher observed capacitance and a 56% lower 
equivalent circuit resistance (Figure 3A, B). The ratio of bi-tortuous to unpatterned cell 
capacitance, as measured from the slope of the discharge stroke, ranged from 1.21 at 5 A m-2 to 
1.32 at 25 A m-2 at a charging cut-off voltage of 0.8 V. Raising the charging cut-off voltage for bi-
tortuous electrodes to 1.0 and 1.2 V increased capacitance at lower current densities but also 
increased ESR by an average of 80% and the rate of capacity decay as operating current 
increased.  
The reduction in the equivalent circuit resistance in etched electrodes provides evidence 
that the ionic conductivity was higher in BT electrodes. Alignment of ESR values for unpatterned 
and bi-tortuous electrodes can be seen in the real impedance values from EIS plots (Figure S2). 
Bi-tortuous electrodes showed significantly lower ohmic resistance (high-frequency region) as 
compared to their unpatterned counterparts. Tortuosity is proportional to the MacMullin number, 
which can be determined by fitting the EIS data into the analytical version of the transmission-line 
model given in the previous study (Reale and Smith, 2018). MacMullin numbers were determined 
for uncoated electrodes using the above-mentioned model and were found to be 6.4 ± 0.15 and  
_________________________ 
†† published as Bhat, A.P., Reale, E.R., del Cerro, M., Smith, K.C., Cusick, R.D., 2019. Reducing impedance 
to ionic flux in capacitive deionization with Bi-tortuous activated carbon electrodes coated with 
asymmetrically charged polyelectrolytes. Water Research X 3, 100027. 
https://doi.org/10.1016/j.wroa.2019.100027  
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8.2 ± 0.07 for bi-tortuous and unpatterned electrode cells respectively. A reduction in 
MacMullin number indicates a reduction in tortuosity for bi-tortuous electrodes. The MacMullin 
numbers for polyelectrolyte coated electrodes could not be determined because of the overlap 
between electrode and charged polymer elements in the EIS in the mid-frequency region (Figure 
S2) (Cusick et al., 2013; Długołęcki et al., 2010b). The observed increase in ESR at higher voltage 
windows could be caused by both faradaic reactions and ohmic resistance (Figure 3B). At higher 
voltage windows, the transition of current from capacitive to faradaic leads to an increase in 
leakage current at low current densities due to longer charging times (Shang et al., 2017). At low 
current densities, faradaic reactions (e.g. water splitting, oxygen reduction and carbon corrosion) 
occurring at higher voltage windows would cause pH gradients to establish leading to a more 
significant initial voltage jump (Zhang et al., 2019) . When charged at higher current densities, a 
more significant concentration gradient across the polyelectrolyte ion-selective diffusion interface, 
and associated Donnan potential, may have contributed to the ESR and the capacity decay.  
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Figure 3. (A) Steady state working capacitance calculated the discharge stroke of galvanostatic 
operation, (B) Equivalent Series Resistance (ESR) polyelectrolyte coated electrodes and (C) 
Percentage round trip energy efficiency or energy recovery for Unpatterned (UP) and Bi-
tortuous (BT) as a function of current density. Error bars indicate one standard deviation above 
and below the mean. 
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Enhancing energy recovery, or round-trip efficiency, has been shown to improve the 
specific energy consumption of deionization (Długołęcki and van der Wal, 2013; Dykstra et al., 
2018). The round-trip efficiencies observed for CDI cells with bi-tortuous electrodes charged at 
0.8 V (BT:0.8V) remained consistently high across the range of tested current densities (Figure 
3C). Between 71 - 80% of energy consumed during the desalination charge stroke could be 
recovered during the discharge cycle for the BT electrodes, whereas the round-trip efficiencies 
for the unpatterned electrodes were between 52 – 71%.  The bi-tortuous electrodes had lower 
resistive energy losses due to a reduction in equivalent series resistance, increasing both, the 
amount of energy that is stored and recoverable as compared to UP electrodes. Increasing the 
cut-off charging voltage of bi-tortuous electrodes to 1.0 and 1.2 V led to slightly lower observed 
ηRTE (Figure 3C). While the trends in ηRTE were similar for 0.8 and 1.0 V, charging the bi-tortuous 
electrodes to 1.2 V at lower current densities caused a steep decline the recoverable energy. This 
is likely due to a transition from capacitive to faradaic current above 1.0 V. The curvature observed 
in the voltage and SAC profiles of the bi-tortuous electrodes charged at 1.2 V provide qualitative 
evidence for the transition toward faradaic current, which also degraded the electrodes at higher 
voltage windows (Figure 4E and F).  
Round trip efficiencies for the bi-tortuous electrodes compare favorably with both, previous 
CDI and MCDI studies despite the fact that there will be depletion within the electrode structure 
as compared to no depletion in MCDI when covered with IEMs. Previous studies on CDI systems 
have reported round-trip efficiencies up to 65% (García-Quismondo et al., 2016, 2013). For fb-
MCDI, Zhao et al. previously reported approximately 15 - 40% round-trip efficiency at current 
densities higher than 25 A m-2. In other studies, Długołęcki and van der Wal, 2013 observed a 
rapid reduction in round-trip efficiency from 80 to 20%  and Kim et al., 2019 also observed a 
reduction in round-trip efficiency from 70% to 45% at much lower current densities (2 – 10 A m-2). 
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These declines were very similar to that of UP electrodes. While electrode depletion is not 
expected for MCDI, the use of discrete membranes introduces additional ohmic and diffusive 
impedance, which may have limited round-trip efficiency in these studies (Cusick et al., 2013; 
Długołęcki et al., 2010a). These findings highlight how both the BT electrode macrostructure and 
polyelectrolyte coating promoted energy recovery while enhancing salt removal performance. 
 
4.2 Effect of bi-tortuosity on charging time, salt adsorption capacity and rate 
The higher working capacitance of coated bi-tortuous electrodes also translated to 
improvements in salt adsorption capacity and rate (Figures 4 and 5). Despite having less active 
material than UP electrodes, due to the creation of macrochannels, the charging times for the bi-
tortuous electrodes at 0.8 V were on an average, 14.4% longer at 5 A m-2 to 23.8% longer at 25 
A m-2 leading to a greater amount of salt adsorbed per charge stroke (Figure 4).  The maximum 
salt adsorption capacity (SAC) was an average of 42 - 68% higher for the bi-tortuous electrodes 
(4.1 – 9.7 mg g-1) as compared to their unpatterned counterparts (2.4 – 6.8 mg g-1) (Figure 4). 
Despite longer cycle times, the average salt adsorption rate (ASAR) for the bi-tortuous electrodes 
was also 21.1 % greater (Figure 5), implying that the macro-channels increased the rate of 
diffusive flux into and out of the carbon films. While the tortuosity of polyelectrolyte-coated 
electrodes could not be accurately modeled using a three-element equivalent circuit transmission-
line modeling, the increase in flux can be clearly observed in the cumulative SAC for each 
condition (Figure 4). Further comparing different cut-off voltages at 5 A m-2, the charging times for 
BT electrodes charged at 0.8, 1.0, and 1.2 V were 1,298 ± 3, 1,635 ± 1 and 2,275 ± 1 s respectively 
(Figure 3), leading to a maximum salt adsorption of 17.4 ± 0.31 mg g-1 at 1.2 V (Figure 5).  
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Figure 4. Representative charge-discharge voltage profiles for unpatterned (UP) and bi-tortuous 
(BT) electrodes and corresponding cumulative SAC profiles for 0.8 V cut-off and 5 A m-2 (A and 
B), for 0.8 V cut-off and 25 A m-2 (C and D), and BT electrodes for different cut-off voltages of 0.8 
V, 1 V, and 1.2 V cut-off at 5 A m-2 (E and F). The charging time for BT electrodes is higher than 
UP electrodes due to increased capacitance, leading to an increase salt adsorption. 
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Figure 5. Kim-Yoon plot for unpatterned electrodes at a voltage cut-off of 0.8 V and bi-tortuous 
electrodes at voltage cut-offs of 0.8, 1.0, and 1.2 V. The plot shifts towards the upper-right corner 
by the use of bi-tortuous electrodes, indicative of an increase in SAC and ASAR both. 
 
Despite the observance of reverse ionic flux and faradaic reactions (Figure S1), the rate 
and capacity of salt adsorption for polyelectrolyte coated BT electrodes compared favorably with 
previous constant current MCDI studies (Table 2). Improvement in diffusion kinetics and sorption 
rate due to the presence of macropores makes BT electrodes similar to ft-CDI electrodes without 
having to use highly macroporous specialized monolithic electrodes. The 20% increase in sorption 
rate for BT electrodes is less than, yet comparable to the increase in rate by using ft-CDI. Previous 
studies have demonstrated a 4 to 10 times increase in sorption rate in ft-CDI cells as compared 
to their fb-CDI counterparts (E. Suss et al., 2012). While in ft-CDI architecture, advection through 
the macropores is used to overcome diffusional limitations to increase the sorption rate, BT-CDI 
electrodes uses macropores to increase ionic conductivity by reducing the effective diffusion 
length.  
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Table 2. Comparison of current study with previously published literature for constant current 
operation for Fb-MCDI and Ft-CDI. Unreported metrics are marked as ‘-’. The varied 
performances for all the studies are because of varied operational conditions, cell architectures, 
and flowrates. 
fb-MCDI with discrete membranes 
Current 
Density 
(A m-2) 
[NaCl
] 
(mM) 
Q  
(mL min-
1) 
Cut-off 
voltag
e (V) 
SAC 
(mg g-1) 
ASAR  
(mg g-1 
min-1) 
ηCE  
(%) 
ENAS 
(µmol J-
1) 
Ref. 
5 - 25 50 0.2 1.2 9.2 – 17 0.46 -1.6 50 -67 23 - 34 Present 
study 
(BT:1.2V) 
5 - 25 50 0.2 0.8  4.1 - 9.7 0.45 - 1.1 35 - 
67 
27 - 69 Present 
study 
(BT:0.8 
V) 
5 - 25 50 0.2 0.8 2.4 – 6.8 0.36 – 
0.94 
33 - 
59 
13 - 46 Present 
study 
(UP:0.8 
V) 
37 40 30 1.5  6.54 - 0.78 17 (R. Zhao 
et al., 
2013a) 
38 40 60 1.6  6.3 - 77 -81 12 (Zhao et 
al., 2012) 
37 20 60 1.6  5.84 1.5 - - (R. Zhao 
et al., 
2013b) 
6.7 - 83 50 2 1.2  11 - 23 6.0 - 0.66 104 - (Kim and 
Yoon, 
2015) 
10 10 20 0.8  6.1 - 96 40 (Choi, 
2015)  
fte-CDI 
13 100 0.24 - 3.0 - 5.2  - - 25- 10 (Qu et 
al., 2016) 
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4.3 Effect of the polyelectrolyte coating and bi-tortuous electrodes on charge and energy 
efficiency 
Co-ion repulsion was observed for uncoated electrodes, and as expected, adding 
polyelectrolyte coatings improved charge and energy efficiency for both UP and BT electrodes 
(Ahualli et al., 2017, 2014). However, improvements in ηCE were significantly lower than previously 
reported values for electrodes with distributed fixed charge (e.g. charged carbon, charged binder, 
and polyelectrolyte coating) that were operated under constant voltage (Gao et al., 2016, 2015; 
M. Kim et al., 2019) due to flow efficiency losses commonly associated with constant current 
operation of CDI cells (Hawks et al., 2018). Polyelectrolyte coatings significantly improved the 
performance for both UP and BT electrodes by retaining co-ions within the electrode macropores 
(Table 3). Desalination capacity was highest for BT electrode coated with asymmetrically charged 
polyelectrolytes due to the synergistic effect of reduced impedance and ion-selectivity. 
 
Table 3. Comparison of desalination performance metrics between uncoated and coated 
electrodes both for un-patterned and bi-tortuous electrodes at the current density of 10 A m-2 
and cut-off voltage of 0.8 V. 
Electrode 
type 
SAC 
(mg g-1) 
ASAR 
(mg g-1 min-1) 
ηCE (%) ENAS* 
(μmol J-1) 
ENAS 
(μmol J-1) 
ηRTE (%) 
UP 
Uncoated 
1.0 ± 0.03 0.066 ± 0.002 15 ± 0.5 3.40 ± 0.12 10.0 ± 0.8 65 ± 01.8 
BT 
Uncoated 
1.2 ± 0.15 0.076 ± 0.01 17 ± 2 4.04 ± 0.52 12.7 ± 1.8 68 ± 0.8 
UP 
Coated 
5.6 ± 0.05 0.66 ± 0.006 55 ± 0.5 12.1 ± 0.14 41.5 ± 1.1 71 ± 0.5 
BT 
Coated 
8.1 ± 0.12 0.79 ± 0.01 60 ± 0.8 14.0 ± 0.19 68.6 ± 0.9 80 ± 0.2 
 
The charge efficiency of the coated electrodes was primarily impacted by the discharge of 
retained brine. This is because the polyelectrolyte coatings provide incomplete coverage 
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throughout the porous electrode thickness rather than discrete membrane layer (Figure 1C). 
Since polyelectrolyte coated electrodes permit mixing between macropores and flow channel 
solution under galvanostatic operation, a portion of the charge stroke is associated with 
adsorption and release of residual brine into the flow channel. The initial dip in the cumulative 
SAC curves is attributed to the release and subsequent desalination of residual brine from the 
discharge stroke (Figure 4 B, D, and F). Desalination of salt residue in the flow channel and 
electrode pores can contribute to significant losses in charge and flow efficiency (Shang et al., 
2017). As the time of charging decreased at higher current densities, the proportion of timed 
associated with residual brine desalination increased, leading to decrease in charge efficiency 
from 67.3 ±0.14 at 5 A m-2 to 35.1 ±0.45 at 25 A m-2 (Figure 4D, 6A).  
 
Figure 6. (A) Charge efficiency (𝜂𝐶𝐸), (B) Flow efficiency (𝜂𝐹𝐸), (C) energy normalized adsorbed 
salt (ENAS) without and (D) with energy recovery, (E) thermodynamic efficiency (𝜂𝑇𝐸) without 
energy recovery and (F) with energy recovery as a function of current density for un-patterned 
(UP) and bi-tortuous (BT) electrodes.  
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The differences in hydraulic residence times are likely responsible for the disparity in flow 
efficiency observed between UP and BT at higher current densities (Hawks et al., 2018). It is also 
possible that the structure of BT electrode macrochannels may have hindered mixing due to the 
presence of vertical channels as opposed to a planar surface. Despite flow efficiencies of 61 - 93 
% for BT:0.8 V as compared to 79 – 97 % for UP:0.8 V, overall charge efficiency values of bi-
tortuous electrodes were about 10% higher due to a longer charging times and higher rates of 
adsorption. Bi-tortuous electrodes demonstrate an SAC and ASAR comparable to the literature 
despite charge efficiency that are relatively low in comparison to MCDI (Figure 5, Table 2) (Choi, 
2015; Kim and Yoon, 2015; Kim and Choi, 2010a; Zhao et al., 2012). This indicates that the 
adsorption capacity and rate capability of the bi-tortuous electrode CDI cells could be further 
increased by improving the permselectivity of the IEM coating while also maintaining the 
macroporous structure.  
Improvements in round-trip efficiency and salt adsorption capacity of the bi-tortuous 
electrodes led to a four-fold increase in salt normalized energy consumption and thermodynamic 
efficiency (Figure 6C-F). This increase in ENAS and ηTE values with energy recovery elucidates 
elevated round trip efficiency as a key benefit of BT electrode macrostructures and reinforcing the 
importance of developing effective strategies for energy recovery (Chen et al., 2018; Długołęcki 
and van der Wal, 2013; Tan et al., 2018).  Irrespective of whether we consider energy recovery, 
bi-tortuous electrodes demonstrated higher ENAS (7.7 - 15.7 µmol J-1 without recovery and 27.1 
- 68.7 µmol J-1 with recovery for BT:0.8V) as compared to several previously published reports for 
MCDI (1.8 to 12 µmol J-1) (Długołęcki and van der Wal, 2013; Kim and Choi, 2010a; Liu et al., 
2014; R. Zhao et al., 2013b) and Ft-CDI (25 to 62 µmol J-1) (Hemmatifar et al., 2016; Qu et al., 
2016), enforcing the importance connection between internal resistance and specific energy 
consumption.  
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 The highest thermodynamic efficiency was observed for BT:0.8 V and BT:1.0 V at 10-15 
A m-2 (Figure 6E, F), as compared to the peak ENAS, which was observed for the lowest voltage 
and current density (Figure 6C, D).  While ENAS only decreases with an increase in current 
density, the thermodynamic efficiency curve peaks at 10 and 15 A m-2 for the unpatterned and bi-
tortuous charged at 0.8 V and follows the trend shown by a previous study for CDI (Hemmatifar 
et al., 2018). This is because resistive energy losses dominate at high current densities and 
faradaic energy losses dominate at lower current densities. These losses lower the 
thermodynamic efficiency at high and low currents respectively, leading to a peak at an optimal 
current density. The thermodynamic efficiencies measured in the current study compare favorably 
with previous reports (Table 2). A previously reported study demonstrates thermodynamic 
efficiencies of 2.3 to 2.7% with recovery for various current conditions between 1.7 and 10.2 A m-
2 for an MCDI stack reactor (Długołęcki and van der Wal, 2013), while the present study shows a 
higher thermodynamic efficiency (>4%) for a similar current density of 10 A m-2 (Figure 6F). A 
recent study reported a maximum thermodynamic efficiency of 9% for a traditional CDI when 
significant efforts are made to minimize contact resistance and optimized flowrate (Hemmatifar et 
al., 2018) indicating the possibility of further enhancing the performance of BT electrodes.  The 
contrast of exceptionally high ENAS and fairly low thermodynamic efficiency is likely attributed to 
the feeding rate and influent concentration used in this study (50mM), which led to low 
thermodynamic separation minimums.  
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
 
Bi-tortuous electrodes demonstrate lower equivalent series resistance in the tested range 
of current densities. Improvements in this key, but rarely reported, circuit parameter translated to 
improved capacitance and higher energy recovery at all current densities. Reduced electrode 
tortuosity also increased the rate of salt adsorption, and when coupled to higher energy recovery, 
led to a four-fold increase in thermodynamic efficiency. Uncoated bi-tortuous electrodes 
performed significantly poorer than polyelectrolyte coated electrodes, demonstrating that ion-
exchange coatings were necessary to observe an enhancement of performance. A synergistic 
improvement was observed by using both, bi-tortuous channels and polyelectrolyte coatings.  A 
limitation of this approach was the use of polyelectrolyte coating, which led to charge efficiencies 
that are lower than MCDI systems. These coatings result in a reverse-ion flux and faradaic 
reactions and CDI-like diffusion limitations as opposed to an MCDI system with discrete 
membranes, an indication that future work should focus on depositing discrete IEM coatings onto 
BT electrodes.  Depositing IEM coating will increase the charge efficiency and hence, the 
performance of the bi-tortuous electrode cell. In summary, the heightened performance of fb-CDI 
with coated BT electrodes elucidates that both ESR and 𝜂𝐶𝐸 are key indicators of energy efficiency 
desalination. 
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APPENDIX A: NOMENCLATURE 
 
Abbr. Definition Units 
𝜼𝑪𝑬  Charge efficiency  
𝜼𝑭𝑬  Flow efficiency  
𝜼𝑹𝑻𝑬  Round-trip efficiency  
𝜼𝑻𝑬  Thermodynamic efficiency 
with energy recovery 
 
𝜼𝑻𝑬
∗   Thermodynamic efficiency 
without considering recovery 
 
ASAR Average salt adsorption rate g g-1 min-1 
BT Bi-tortuous  
BT:0.8 V Bi-tortuous electrodes 
charged till 0.8 V 
 
BT:1.0 V Bi-tortuous electrodes 
charged till 1.0 V 
 
BT:1.2 V Bi-tortuous electrodes 
charged till 1.2 V 
 
cB average brine concentration 
in throughout the discharge 
stroke 
mol L-1 
cD average desalinated stream 
concentration throughout the 
charge stroke 
mol L-1 
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CDI Capacitive deionization  
Ceff effluent concentration mol L-1 
Cfeed influent stream concentration mol L-1 
D0 Bulk diffusivity  
Deff Effective ionic diffusivity  
EDS Energy Dispersive X-ray 
spectroscopy 
 
Ein Energy transferred to the cell 
during the charge stroke 
J 
ENAS Energy normalized adsorbed 
salt with energy recovery 
mol J-1 
ENAS* Energy normalized adsorbed 
salt without considering 
recovery 
mol J-1 
Eout Energy obtained from the cell 
during the discharge stroke 
J 
ESR Equivalent series resistance Ω 
F Faraday’s constant (96385.3) C mol-1 
Fb-CDI Flow-by capacitive 
deionization 
 
M molar mass of the salt g mol-1 
m total mass of both the 
electrodes 
g 
Mc MacMullin number  
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MCDI Membrane capacitive 
deionization 
 
NMP N-methyl-2-pyrrolidone  
PDADMAC poly(diallyldimethylammonium 
chloride) 
 
PSS poly(sodium 4-
styrenesulfonate) 
 
PVDF polyvinylidene fluoride  
Q Volumetric flowrate of the 
influent stream 
L s-1 
qin Charge transferred to the cell 
during the charge stroke 
C 
R Universal gas constant 
(8.31446) 
J mol-1 K-1 
SAC Salt adsorption capacity g g-1 
SEM Scanning electron microscopy  
T Temperature K 
tc Charging time s 
tcycle Total cycle time s 
UP Unpatterned  
UP:0.8 V Unpatterned electrodes 
charged till 0.8 V 
 
ε Porosity of the electrode  
εFC Porosity of the flow channe 
separator 
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Κ0 Bulk conductivity  
Κeff Effective ionic conductivity  
τ Tortuosity  
τc Residence time of the reactor s 
𝜟𝑵𝒆𝒇𝒇  Moles of salt removed from 
the feed stream during a 
charging cycle 
mol 
𝜟𝒈𝒔𝒆𝒑  Minimum Gibbs free energy 
of separation 
J 
𝜸  Water recovery or the fraction 
of feed stream that has been 
desalinated during the total 
cycle 
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APPENDIX B: SUPPORTING INFORMATION 
 
Charge-Discharge cycles and corresponding concentration profiles 
 
Figure 7. Two representative cycles with galvanostatic charge-discharge voltage profiles for 
unpatterned (UP) and bi-tortuous (BT) electrodes and corresponding concentration profiles (A 
and B) for 0.8 V cut-off and 5 A m-2, (C and D) for 0.8 V cut-off and 25 A m-2, (E and F) BT 
electrodes for 1 V, 1.2 V cut-off and 5 A m-2. The labelled slopes in (A) are representative 
working capacitances and the labelled voltage jumps in (C) are equivalent series resistances 
(ESR). Reverse ion flux causes an increase in the final concentration towards the end of the 
charge stroke (F). The inflection of voltage profiles indicates the onset of faradaic reactions (E).   
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Impact of coating on cell characteristics and performance 
 
Figure 8. Electrochemical Impedance Spectroscopy (EIS) spectra for UP and BT electrodes, 
each uncoated and coated with polyelectrolyte coating. Coating resistance can be observed 
with presence of a semicircle in the high frequency region.  
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Polyelectrolyte coating EDS image not included in-text 
 
Figure 9. EDS elemental mapping of sulfur in the cation-exchange polyelectrolyte coated 
electrode shown in Fig. 1F 
